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Abstract 
Performance of a copper pickup coil coupled to HTS SQUID was studied. The coil was made of Litz wire 
to prevent the eddy current loss at high frequencies, and was cooled at T = 77 K to reduce the thermal 
noise. The coil with average diameter D = 50 mm and number of turns N = 150 was made with the Litz 
wire, and was resonantly coupled to HTS SQUID made of ramp-edge junction. The 59-turn input coil was 
made of superconducting thin film and coupled to the SQUID with flip chip coupling scheme, which gave 
the mutual inductance of M=1700 pH.  The field noise of the magnetometer was measured to be about 1 
fT/Hz1/2 for f > 20 kHz. The experimental results agreed reasonably well with the designed values. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
Copper pickup coil has been widely used for high-sensitivity detection of ac magnetic fields. One 
example is nuclear magnetic resonance (NMR) measurements or magnetic resonance imaging (MRI) at 
magnetic fields of strengths ranging from microteslas to milliteslas, i.e., in the so-called ultra-low field 
regime [1-3].  In these applications, the frequency of the magnetic signal is lower than 100 kHz. 
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In order to develop highly sensitive magnetometer in these frequency ranges, we studied the 
performance of a copper pickup coil coupled to HTS SQUID. The coil was made of Litz wire to prevent 
the eddy current loss at high frequencies, and was cooled at T = 77 K to reduce the thermal noise. We first 
show the frequency dependences of the coil resistance and field noise. Next, we show that the field noise 
of about 1 fT/Hz1/2 can be obtained for f > 20 kHz when we used  the coil with average diameter of D = 50 
mm. 
2. Properties of Pickup Coil 
It is well known that the field noise of the pickup coil is given by 
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where f is frequency, Rp is coil resistance, D and N are average diameter and number of turns of the coil, 
respectively.
Although this equation allows us to estimate the field noise of the pickup coil, we have to take account 
of additional effects in practical case. One is the frequency dependence of the coil resistance Rp caused by 
the eddy current loss of the coil [4, 5], and the other is the limitation of N due to the self resonance of the 
coil [6].  In order to study these effects, we made two types of coil with average diameter of D = 50 mm 
as listed in Table I.  Coil A was made with a Litz wire with filament diameter df=0.04 mm and number of 
filaments nf=300 (N=150, Rdc=0.167 : at T=77 K and Lp=1.02 mH). Coil B was made with a 
conventional single wire with df=0.15 mm and nf=1 (N =1600, Rdc=28.3 : and Lp=152 mH).  
Table 1. Parameters of coil at T=77 K. Average diameter of the coil is D=50 mm. Coil A and B was made with a Litz wire and a 
conventional single wire, respectively. 
coil df
(mm) 
nf N Lp
(mH) 
Rdc
(:)
fm
(kHz) 
fint
(kHz) 
A 0.04 300 150 1.02 0.167 30 >100 
B 0.15 1 1600 152 28.3 7 35 
First, we studied the frequency dependence of the coil resistance. Figure 1(a) shows the results 
measured at T = 77 K. The vertical axis represents the coil resistance normalized by the dc resistance Rdc.
As shown, the resistance rapidly increased with the frequency at high frequencies. It must be noted that 
the increase in the resistance was much more significant for the case of coil B that was made with the 
conventional single wire. This result indicates the usefulness of the Litz wire to prevent the increase in the 
resistance at high frequencies. 
We define fm as the frequency at which Rp=2Rdc. We note that the coil can be used without significant 
increase of the coil resistance below fm. The frequency became fm = 30 and 7 kHz for the coil A and B, 
respectively. Using the frequency fm, we can express the frequency dependence of the coil resistance as 
[5] 
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In Fig. 1(a), solid lines were calculated with Eq. (2). As shown, good agreement was obtained 
between experiment and calculation.  
Substituting the measured values of Rp into Eq. (1), we can estimate the field noise of the coil, as 
shown by the solid lines in Fig. 1(b). Although the field noise decreases with 1/f at low frequencies, it 
approaches to a lower limit at high frequencies.  In the case of coil B, field noise does not decrease above 
10 kHz. This is caused by the rapid increase of the coil resistance Rp at high frequencies. In the case of 
coil A, on the other hand, the field noise decreases with the frequency even at high frequencies. As a 
result, we can much improve the field noise at high frequencies, and expect the field noise of about 1 
fT/Hz1/2 above 20 kHz. This result indicates the usefulness of the Litz wire to obtain low field noise at 
high frequencies. 
Fig. 1. (a) frequency dependence of the coil resistance; (b) magnetic field noise of the coil.  Symbols and solid lines represent
experimental results and calculations, respectively. Coil A and B was made with a Litz wire and a conventional single wire, 
respectively.
Next, we studied the self-resonance of the pickup coil. In the case of coil B, we observed the self-
resonance of the coil at fint = 35 kHz. Therefore, coil B could not be used above 35 kHz. In the case of coil 
A, on the other hand, we did not observe self-resonance up to 100 kHz. 
In Fig. 2(a), relationship between the self-resonance frequency fint and N is shown. Circle represents 
the result of coil B. For comparison, results reported by. Qiu et. al. [6] are also shown by rectangles. We 
can see that the self-resonant frequency decreased with N. In order to keep fint higher than 100 kHz, N
must be smaller than 400. 
It is well known that the self-resonance of the coil occurs when the coil behaves as a transmission line. 
In Fig. 2(b), the coil is schematically represented as a transmission line. Here, L and C are the inductance 
and capacitance per unit winding of the coil, respectively. In the case of coil, we have to take account of 
the mutual inductance Mij between the windings of the coil. If we assume Mij=L for simplicity, the 
magnetic flux interlinking the inductance L becomes NLI, which indicates that effective inductance for 
the electromagnetic propagation is given by NL.  Therefore, the velocity of the electromagnetic wave is 
given by vp = (NLC)
-1/2 = c/N1/2, where c = (LC)-1/2 = 3x108 m/s is the speed of light. In this case, condition 
of half-wavelength resonance of the transmission line is given by l =O/2=vp/2f, where l is the coil length 
and O is the wavelength.  From this condition, we can obtain rough expression for  the self resonant 
frequency as 
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where l is approximately given by l=SDN.  The solid line in Fig. 2(a) was calculated with Eq. (3). As 
shown, the calculated result roughly explains the experimental result. 
Fig. 2. (a) relationship between self-resonant frequency fint and number of turns of the coil; (b) schematic representation of the coil 
as a transmission line. Symbols and solid lines represent experimental results and calculations, respectively. 
3. Performance of pickup coil coupled to HTS SQUID 
We made a magnetometer by connecting HTS SQUID to the pickup coil A, as shown in Fig. 3(a). The 
HTS SQUID was made of ramp-edge junction and had flux noise of 3.5 P)0/Hz1/2 in the white noise 
region. The 59-turn input coil Li was made of a superconducting thin film and coupled to the SQUID with 
flip chip coupling scheme. With this configuration, we obtained the mutual inductance of M=1700 pH.  
Capacitance of C=30 nF was connected to the pickup coil, which resulted in the resonant frequency of fr =
30.4 kHz. The Q value of the resonant circuit was obtained as Q = 212. 
In Fig. 3(b), the frequency dependence of the field noise is shown. As shown, the field noise reached a 
minimum value at the resonant frequency of fr = 30.4 kHz. We obtained a field noise of 1.3 fT/Hz
1/2 at 
this resonant frequency. The solid lines show the calculate field noise for three values of M. As shown, 
the experimental result agreed well with the calculation with M=1700 pH. It must be noted that low field 
noise can be obtained in wider frequency region when the value of M is larger.  
Fig. 3. (a) pickup coil resonantly coupled to HTS SQUID; (b) frequency dependence of the magnetic field noise. Symbols and solid
lines represent experimental results and calculations, respectively. 
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We measured the field noise when the resonant frequency was changed by changing the resonant 
capacitance. The results were listed in Table II. As listed, the field noise decreased with the frequency, 
and became as low as 0.94 fT/Hz1/2 at fr = 43.6 kHz 
In Fig. 1(b), the measured field noises of the magnetometer made of type A coil are compared with the 
designed values. The circles show the experimental results. As shown in the figure, reasonable agreement 
was obtained between the experimental and designed values.
Table II. Performance of the magnetometer made of type A coil and HTS SQUID. 
Frequency  fr (kHz) 10.6 22.0 30.4 43.6 
Filed noise 
SB
1/2 (fT/Hz1/2)
2.4 1.5 1.3 0.94 
Quality factor Q 176 187 212 209 
4. Conclusion 
The Litz wire with filament diameter df=0.04 mm and number of filaments nf=300 was used to make a 
coil with average diameter D = 50 mm and number of turns N = 150. The coil was cooled at T= 77 K and 
resonantly coupled to HTS SQUID with the mutual inductance of M=1700 pH.  The field noise of the 
magnetometer was measured to be about 1 fT/Hz1/2 for f > 20 kHz. The experimental results agreed 
reasonably well with the designed values. These results confirm the usefulness of the coil made of Litz 
wire for high-sensitivity detection of ac magnetic fields. 
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